ABSTRACT
INTRODUCTION

19
The standard techniques of rehabilitation of steel structures that include bolting or welding of 20 steel plates to the existing system has some drawbacks such as the durability, the use of lifting and 
129
Effect of the number of layers of CFRP
130
The specimens were made of 6.35 mm thick by 100 mm wide steel plates characterized by 131 one circular hole of 23.8 mm (15/16") diameter (i.e. A n /A g = 76%) and single or double side 132 reinforcement using different number of CFRP sheets layers (one to six layers) as shown the figure   133 3. The anchor length of the CFRP layers was measured from the end of the hole and surface 134 preparation was made with steel brush or abrasive disk. In each specimen's hole was installed a 135 22.2 mm (7/8") diameter bolt to reproduce the conditions and real difficulties during the placement 136 of the CFRP sheets. The CFRP was applied after the bolt and washer were inserted into the hole 137 and the fiber was split to go around the bolt.
138
The main objective of this part of the experiment was to investigate the contribution of the 139 number of layers of CFRP material for a given A n /A g . On the other hand, it was attempted to 140 study other variables such as: the effect of tapering and anchor length between layers of CFRP; Table 6 . A total of 26 specimens were prepared with 18 different configurations 145 because eight configurations have two specimens.
146
The axial tensile static tests for all phases were performed in a universal testing machine with a 147 nominal capacity of 500 kN. The double lap specimens of Phase I were tested under displacement 148 control at a constant rate of 0.5 mm/min. Continuous steel plates specimens for Phases II and III 149 were tested at 0.5 mm/min up to 2.5 mm and then the rate was increased to 3 mm/min up to failure.
150
TEST RESULTS
151
Failure mode
153
The failure of bonded CFRP-steel joints could occur in the base material, in the adhesive layer 154 or at an interface between two materials (Zhao and Zhang 2007) . The rupture of all specimens in 155 this part of the study occurred at or near the adhesive-steel interface. On the sanded black steel 156 specimen almost all epoxy adhesive was removed from the steel surface and part of the scale layer 157 formed during the rolling of the steel was also removed (Fig. 4(a) ). On the ground white steel 158 surface a significant part of the epoxy adhesive was ripped off the steel (Fig. 4(b) ). As shown in Hart-Smith proposed expressions to predict the ultimate load carrying capacity per unit width 168 for the inner and outer adherent of an adhesively bonded double-lap joint, taken as the lesser of:
where E i and E o are the Young's modulus of the inner and outer adherent layers, t i and t o are 172 the thickness of inner and outer adherent layers, τ p is the adhesive shear strength, γ e and γ p are 173 the elastic and plastic adhesive shear strains respectively, and t a is the adhesive thickness. For the 174 configuration studied, the inner adherent is the steel plate and the outer adherend is the CFRP.
Hart-Smith also proposed the following equation to predict the effective bond length, L e , of a 178 double lap joint:
where σ ult is the ultimate strength of the steel plate and
in which G a is the adhesive shear modulus.
183
The load carrying capacity P CF RP for any bonded length, L L , can be evaluated with Eq. 6 and Eq. 7 (Liu et al. 2005) , assuming that the load is linearly proportional to the bond length:
186
187
The Hart-Smith model was used to predict the strength of the double lap specimens with the fol- The ultimate loads obtained for the double lap joints in the tests are summarized in Table 3 .
193
The L L has been plotted against the ultimate loads and compared with the Hart-Smith model in
194
Figs. 5 and 6 for CFRP sheets and CFRP plates respectively. elasto-plastic regime, taken as the lesser of:
The fracture energy was assumed equal to G f = 0.815 N/mm (Bocciarelli and Colombi 2012) result, an ultimate load of 65 kN will be obtained which is in better agreement with the average 219 load of tested specimens.
220
The surface preparation has an important effect on the ultimate load of the joint. It is important 221 to note that surface preparation with an abrasive disk takes more effort and time, and it can be 222 complicated to do in field applications. For the next phase, the CFRP sheets were used, because 223 they showed greater capacity and ease of installation around bolts.
224
Evaluation of the composite material contribution according to the net / gross area ratio Table 4 . For all 227 specimens, debonding occurred at adhesive-steel interface.
228
It can be seen from mainly supported by the CFRP. As the load increased, the capacity of the specimen reached its peak 231 when full CFRP sheet debonding occurred. At debonding, the load sharply decreased and from 232 that point, the load is supported only by the steel up to the failure. In summary, specimens showed 233 steel yielding first; which is the ideal failure mode. This is followed by the fiber debonding, and 234 finally net section rupture occurred. length of the CFRP sheet is reached; no significant increase in axial load capacity will occur.
235
257
258
The results are summarized in Table 6 . As for the previous parts of the study, all specimens 259 experienced debonding at the adhesive-steel interface. ). This means that the elastic limit of a steel connection may be increased significantly if using 273 several layers of CFRP. However, this is true only for the surface preparation with the abrasive disk.
274
Indeed, it can be observed that the contribution of CFRP to the elastic force for specimens with the 275 steel brush surface preparation reaches a plateau at n = 2 because the adherence of the composite 276 is limited by the scale layer of the steel plate, which is ripped off at failure.
277
Results show that, for the double side reinforced specimens, the elastic force increases between 278 10kN to 20kN for specimens with two and four layers of CFRP due to surface preparation ( Fig. 13) 279 compared with unreinforced specimens.
280
Using CFRP sheets of different length is introduced in some specimens to create a tapered ef- 
284
S2 equal length specimens) it can be noticed that the value of elastic force is similar, but that there 285 was an increase of about 6% for the maximal debonding load due to tapering of layers.
286
Results for specimens with two CFRP layers show that the elastic and debonding force in-
287
creases between 3% and 4% if the lap length of the second layer is longer, no matter the surface 288 preparation.
289
Regarding the results of debonding and elastic force for specimens whose surface preparation 290 was made partially or complete, it can be concluded that these two types of surfaces preparation are plates. The CFRP sheets provided larger capacity and were easier to install around bolts.
314
5. All specimens failed by debonding at the adhesive-steel interface.
315
6. The contribution of CFRP is greater when A n /A g decreased.
316
7. For the number of layers tested, the debonding load decreases with the increases of number 317 of layers regardless of the surface preparation, but yielding load increases with the number 318 of layers, in particular for the abrasive disk surface preparation.
319
8. The contribution of CFRP reinforcement to the elastic limit of the specimens is small for 320 one layer, but becomes significant for multilayered configurations. Tables 1  Material properties of -S-4-taper-S2 150, 170, 190, 210 4 S2 225 203 C3-S-6-taper-S2 150, 170, 190, 210, 230, 250 
